Embryos of the brine shrimp, Artemia salina, were used in a study of polypeptide chain initiation in an in vitro system from a eukaryote. A protein, isolated from the high-speed supernatant, has been highly purified and shown to have properties that suggest it is the eukaryotic equivalent of the Escherichia coli initiation factor F2: It promotes the AUG-dependent binding of fMet-tRNA (E. coli) to the Artemia 40S ribosomal subunit, but not to either the 60S or 80S species; the bound fMettRNA is placed in a site on the smaller subunit from which it reacts with puromycin upon addition of the 60S subunit; and the activity is sensitive to aurintricarboxylic acid and edeine, specific inhibitors of initiation. The factor, a basic protein of molecular weight about 100,000, is inactivated by N-ethylmaleimide, an SH-binding reagent, and is clearly distinct from the Artemia elongation factors, T1 and T2. In addition, the factor stimulates the poly(U)-dependent binding of Phe-tRNA (E. coli) to the Artemia 40 S ribosomal subunit. This reaction, though similar to the fMet-tRNA-binding reaction, differs in that the bound Phe-tRNA is largely resistant to release by puromycin.
as the only initiation factor, but negligible binding at 25°C unless F1 is also present (8) . Condition (c) thus narrowed down the immediate aim to a search for an F2-like factor.
Preliminary trials at high Mg2+ concentration (10-15 mM) and temperature (25°C) showed the occurrence of a "nonenzymatic", AUG-dependent fMet-tRNA and, to a lesser extent, Met-tRNA binding to 40S subunits. Most of the bound fMet was available for fMet-puromycin synthesis and, therefore, seemed to be on an initiation site. At 2.5 mM Mg2+ and 0°C there was no binding in either the presence or absence of a 1.0 M-KCl ribosomal wash. However, addition of a small amount of the solution from which the ribosomes were originally pelleted promoted binding.
We report on the properties of a supernatant factor required for the AUG-dependent binding of fMet-tRNAF, as well as the poly(U)-mediated binding of Phe-tRNA to the small, 40S ribosomal subunit. This factor, which is distinct from the elongation factors T, and T2, may be a eukaryotic equivalent of the bacterial initiation factor F2. Similar soluble factors have been recently reported in rat liver (9) * and yeastt.
MATERIALS AND METHODS
Ribosomes and Ribosomal Subunits. All operations are conducted at 0-40C. Artemia cysts are washed and ground essentially as described (10) . In a typical preparation, 30 g of cysts (dry weight) are suspended in 100 ml of ice-cold 1% NaClO, stirred for 5 min, and then diluted with 1 liter of ice-cold distilled water. Upon standing, the cysts rapidly sediment from the suspension leaving behind in the supernatant damaged unviable organisms and other debris. The supernatant is poured off and the sediment is washed 10 times, each time with about 400 ml of water to ensure removal of the hypochlorite. The cysts are washed finally in 200 ml of a buffer (buffer A) containing 35 mM Tris HCl (pH 7.4)-70 mM KCl-9 mM magnesium acetate-0.1 mM EDTA-10 mM 2-mercaptoethanol-0.25 M sucrose, sedimented, resuspended in about 100 ml of buffer A, and finally ground in a mortar. After centrifugation of the suspension for 15 min at 10,000 rpm in the Sorvall SS34 rotor to remove debris, nuclei, and mitochondria, the supernatant is centrifuged for 15 min at 30,000 rpm in the Spinco no. 30 rotor to free the preparation from glycogen, which is present in large amounts and would otherwise sediment with the ribosomes. The supernatant is finally centrifuged at 50,000 rpm for 90 min in the Spinco Ti 60 fixed-angle rotor (150,000 X g). The ribosomal pellet, which consists exclusively of 80S ribosomes (Fig. 1A) , is used for the preparation of the subunits. [13] [14] hr at 4°C. 80S ribosomes completely dissociate into 60S and 40S subunits under these conditions (Fig. 1B) . Fractions comprising the faster-sedimenting 40% of the 60S peak and the slower-sedimenting 70% of the 40S peak are pooled and immediately diluted with 1 volume of 20 mM 2-mercaptoethanol-30 mM magnesium acetate. The subunits are concentrated to a clear pellet by centrifugation for 10 hr at 40,000 rpm and 4°C in the Spinco Ti 60 rotor. The pellets are gently suspended in buffer A with a teflon pestle and, after addition of 1 volume of glycerol, stored at -20°C. They retain full activity in poly(U) translation for several months. As assayed by poly(U) translation, the 40S subunits show less than 2.5%, and the 60S subunits less than 5%, contamination with the other species. Zonal centrifugation of the ribosomal subunits also demonstrates low cross-contamination (Fig.  1D) . When an equimolar mixture of subunits is suspended in a buffer similar to buffer A and analyzed, extensive reassociation to 80S ribosomes takes place (Fig. 1C) .
Washed 80S ribosomes are prepared from the crude ribosomal pellets. The pellets are washed gently with a buffer containing 50 mM Tris -HOl (pH 7.4)-500 mM KCl-20 mM 2-mercaptoethanol, and suspended in this buffer to a concentration of 200 A26o units/ml, stirred for 20 min at 4VC, and repelleted at 60,000 rpm in a Spinco 65 fixed-angle rotor. The pellets are suspended and stored as described for the subunits. They are used for assay of elongation factors T1 and T2.
Supernatant Factor. The factor is purified from the S-150 supernatant by fractionation with ammonium sulfate, followed by chromatography on DEAE-cellulose, phosphocellulose, and Sephadex G-200; it is quite stable when kept at -20'C in 50% glycerol. Under the conditions of the standard assay (see below), 1 mg promotes the binding of about 1000 pmol of fMet-tRNA and 600 pmol of Phe-tRNA. The corresponding values for the S-150 supernatant are 6 and 3 pmol/ mg of protein, respectively. The purification will be described in detail in a subsequent publication.
Assays. The standard assay of the supernatant factor is based on its requirements for the ApUpG (AUG)-dependent binding of fMet-tRNAF, or the poly(U)-dependent binding of Phe-tRNA, to Artemia 40S ribosomal subunits. Samples contain, in a volume of 0.06 ml, 80 mM Tris -HC1 buffer (pH 7.4), 150 mM KCl, 2.5 mM magnesium acetate, 0.2 mM GTP, Filters are dried under an infrared lamp and the retained radioactivity is measured in Omnifluor (New England Nuclear Corp.) in a Packard Tri-Carb liquid scintillation spectrometer. 14C is counted at 90% efficiency.
The assay of chain elongation factor T1 (aminoacyl-tRNAbinding factor) is based on its requirement for the poly(U)- Aminoacyl-puromycin synthesis is assayed according to Leder and Bursztyn (13) , as described in the legend to Table 5 , and is stopped by the addition of 1 ml of either cold 0.1 M sodium acetate (pH 5.5) (for N-acyl-aminoacyl-puromycin), or 2.0 M (NH4)2C03 (pH 9.0) (for aminoacyl-puromycin).
After the addition of 1.5 ml of ethyl acetate and vigorous shaking for 1-2 min, the phases are separated by low-speed centrifugation. 1 ml of the ethyl acetate layer is counted in a scintillation vial containing 10 ml of Bray's (14) solution.
Miscellaneous. Phe-tRNA, Lys-tRNA, and fMet-tRNA labeled with 14C in the phenylalanine, lysine, and methionine residues, respectively, were prepared by acylation of crude E. coli W tRNA (Schwarz BioResearch) and formylation of the Met-tRNAF species with E. coli Q13 high-speed supernatant (S-150) as a source of aminoacyl-tRNA synthetases and transformylase. Reaction mixtures contained, in a final volume of 2.0 ml, 100 mM Tris* HCl buffer (pH 7.8), 10 in Table 3 , in the poly(U)directed synthesis of polyphenylalanine from Phe-tRNA, which requires both T1 and T2, neither elongation factor can be rep'aced by the supernatant factor. The binding reaction is inhibited by inhibitors of initiation. As seen in Table 4 , low concentrations of aurintricarboxylic acid or edeine inhibit 40S binding of both fMet-tRNA and Phe-tRNA. At low concentrations, aurintricarboxylate is a specific inhibitor of initiation in both prokaryotic and eukaryotic organisms (20) , and edeine blocks the initiator site on the small, 30S ribosomal subunit in E. coli (21) .
In the E. coli system, the synthesis of fMet-puromycin in the absence of G factor is taken as proof that initiation factors place the initiator aminoacyl-tRNA directly in the P (peptidyl) or an equivalent site on the ribosome (7). It was, therefore, of interest to determine whether aminoacyl-tRNA bound to the Artemia 40S subunit under the influence of the supernatant factor is capable of forming aminoacyl-puromycin upon addition of the 60S subunit and in the absence of elongation factors. It is clear from Table 5 that this is indeed the case for fMet-tRNAF (Expts. 1 and 2), since 80-90% of the bound fMet-is available for fMet-puromycin synthesis. However, when the reaction is run under similar conditions with PhetRNA, none of the ribosomal-bound phenylalanine is puromycin reactive (Expt. 3), and only about 30% appears to be available for Phe-puromycin synthesis at 240C (Expt. 4).
DISCUSSION
The binding reaction promoted by the Artemia supernatant factor, specifically, the AUG-dependent binding of fMet- Duplicate samples were first incubated for 30 min at 00C under the conditions of the standard factor assay (except as noted below) with the indicated aminoacyl-tRNA and ribosomal subunit additions. Then they were incubated for a further 15 min at the same temperature with subunit additions as indicated. Just before the second incubation, one of the duplicate samples received puromycin (75 pg) and the other received an equal volume of water. The puromycin-treated sample measured the synthesis of aminoacyl-puromycin, the other sample determined ribosomal binding of aminoacyl-tRNA. Subunit additions: 40S, 0.6 A20 unit; 60S, 1.47A20 units. The values given are net values in the presence of factor (1.04 Ag), blank values without factor (averaging about 20% of the net for aminoacyltRNA binding and 10% for aminoacyl-puromycin synthesis) having been subtracted. Deviations from the standard assay conditions were 167 mM KCl (Expts. 1 and 2) and 143 mM KC1 (Expts. 3 and 4), as well as 7 mM Mg'2, and incubation at 24°C in Expt. 4. tRNA to the Artemia 40S ribosomal subunit, shares certain properties with the analogous reaction catalyzed in the E. coli systems by initiation factor F2: (a) both reactions occur on the free, small ribosomal subunit, (b) both reactions exhibit similar sensitivity towards edeine and aurintricarboxylate, and (c) both factors induce the binding of fMet-tRNA on a site of the small ribosomal subunit that allows fMet-puromycin synthesis upon association with the large subunit. Although unlike F2 the supernatant factor is a basic protein, it resembles F2 in the following properties: (a) molecular weight about 100,000 (22) , (b) inhibition by SH-binding reagents (19) , and (c) promotion of AUG-dependent ribosomal binding of fMet-tRNAF, detectable at 00C but not at 25°C, in the absence of other initiation factors (8) .
The isolation of initiation factors from 0.5 M-KC1 washes of reticulocyte ribosomes has been reported (2, 3) . Factor M1 resembles the Artemia supernatant factor in not being retained by DEAE-cellulose, and both F2 and the Artemia factor in its ability to stimulate AUG-dependent ribosomal binding of Met-tRNA or fiMet-tRNA in the absence of other initiation factors. It remains to be seen whether, as we are inclined to believe, the aforementioned factors from rat liver (9) * and
